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Abstract
Ridge-and-trough terrain is a common landform on outer Solar System icy
satellites. Examples include Ganymede’s grooved terrain, Europa’s gray
bands, Miranda’s coronae, and several terrains on Enceladus. The conditions
associated with the formation of each of these terrains are similar: heat flows
of order tens to a hundred milliwatts per meter squared, and deformation
rates of order 10−16 to 10−12 s−1. Our prior work shows that the conditions
associated with the formation of these terrains on Ganymede and the south
pole of Enceladus are consistent with vigorous solid-state ice convection in a
shell with a weak surface. We show that sluggish lid convection, an interme-
diate regime between the isoviscous and stagnant lid regimes, can create the
heat flow and deformation rates appropriate for ridge and trough formation
on a number of satellites, regardless of the ice shell thickness. For convection
to deform their surfaces, the ice shells must have yield stresses similar in
magnitude to the daily tidal stresses. Tidal and convective stresses deform
the surface, and the spatial pattern of tidal cracking controls the locations
of ridge-and-trough terrain.
Keywords: Convection; Ice; Tectonics
Preprint submitted to PEPI October 15, 2018
1. Introduction
Each of our Solar System’s outer planets, Jupiter, Saturn, Uranus, and
Neptune, harbors a family of regular satellites ranging from ∼200 to 2600 km
in radius. Most of these moons have mean densities 1000 kg m−3 < ρ < 2000
kg m−3, in between the values inferred for ice and silicate rock (ρi =920 kg
m−3 and ρr =3000 kg m
−3), suggesting mixed ice+rock compositions. Many
of the satellites show signs of endogenic resurfacing, some in the form of
extensional tectonics, which may occur as organized systems of sub-parallel
ridges and troughs, so-called “ridge-and-trough terrain,” or as systems of
large canyons (e.g., Ithaca Chasma on Tethys), or smaller faults (e.g., “wispy”
terrain on Dione). Radiogenic heating supplies a modest heat flow in the inte-
riors of most moons, with surface heat fluxes of order one to tens of mW m−2
(Spohn and Schubert, 2003; Hussmann et al., 2006; Schubert et al., 2007).
Thus, much of the endogenic resurfacing is thought to have occurred early in
the satellites’ histories, when additional sources of heat from accretion, short-
lived radioisotopes, and/or differentiation were available to drive resurfacing.
Organized groups of sub-parallel ridges and troughs, which we refer to as
“ridge-and-trough terrain,” occur in a number of settings on various satellites.
Examples include Ganymede’s grooved terrain (see Pappalardo et al. 2004 for
discussion), Europa’s bands (Prockter et al., 2002; Stempel et al., 2005), Mi-
randa’s coronae (Pappalardo et al., 1997; Hammond and Barr, 2014a), and
swaths of ridges and troughs in the northern plains of Enceladus (Bland et al.,
2007). Each of these terrains are characterized by sub-parallel ridges and
troughs with kilometer-scale spacing (see Table 1). The fault spacing im-
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plies a shallow brittle/ductile depth and thus, a high thermal gradient at the
time of formation (e.g., Nimmo et al. 2002). Some of the terrains, such as
Europa’s bands, subdued grooves on Ganymede, and Elsinore corona on Mi-
randa, are bounded by a sharp groove, and seem to represent sites of emplace-
ment of fresh material from the subsurface (e.g., Pappalardo and Sullivan
1996; Sullivan et al. 1998; Head et al. 2002). Other terrains, such as Arden
corona on Miranda and ridge systems on Enceladus appear to be sites of
extension without complete lithospheric separation (Pappalardo et al., 1997;
Bland et al., 2007).
Although other satellites show evidence of tectonics, closely spaced sub-
parallel ridges and troughs seem to occur primarily on satellites that have
experienced tidal flexing, which provides a large heat source and a possi-
ble means of lithospheric weakening. When the orbital periods of satel-
lites within the same system are integer multiples, gravitational interactions
between the bodies increase their orbital eccentricities and/or inclinations
(Malhotra and Dermott, 1990; Showman and Malhotra, 1997; Meyer and Wisdom,
2008), leading to the periodic raising and lowering of a tidal bulge. If the
satellite has a subsurface liquid water ocean, which appears to be common
(Zimmer et al., 2000; Kivelson et al., 2002; Hussmann et al., 2006), most of
the tidal energy is deposited in the outer ice I shell of the satellite, which
floats atop the liquid ocean (see Figure 1a,b) and is free to deform (e.g.,
Ojakangas and Stevenson 1989). Through the process of tidal heating, spin
energy from the parent planet is converted to mechanical energy via tidal
flexing of the satellites’ interiors, where it is ultimately dissipated as heat.
Tidally flexed icy satellites can experience heat flows of tens to a hundred
3
mW m−2 during their time in resonance (e.g., Cassen et al. 1979, 1980;
Malhotra and Dermott 1990; Meyer and Wisdom 2008; Hammond and Barr
2014a). The cyclical deformation of the satellites’ outermost ice shells may
also weaken the near-surface ice, facilitating deformation (Barr, 2008).
Solid-state convection has long been suggested to play a role in driving de-
formation on the icy satellites (e.g., Parmentier et al. 1982; Shoemaker et al.
1982; Pappalardo et al. 1998). However, the relationship between convection
and resurfacing remains unclear (see, e.g., Barr and Showman 2009 for dis-
cussion). Because the viscosity of water ice depends strongly on temperature
(Goldsby and Kohlstedt, 2001), convective motions in the satellites’ shells
are thought to be confined to a relatively thin layer at the base of the shell,
beneath a thick stagnant lid of cold ice that is too stiff to participate in con-
vection. However, just as stagnant lid convection is not consistent with the
relationship between mantle convection and deformation on terrestrial plan-
ets like Earth and Venus (Schubert et al., 2001), it does not seem to be con-
sistent with the appearance of Europa, Ganymede, Miranda, or Enceladus,
(Parmentier et al., 1982; Pappalardo et al., 1998; Prockter and Pappalardo,
2000; Stempel et al., 2005; Helfenstein et al., 2006; Porco et al., 2006; Bland et al.,
2007; Barr and Preuss, 2010; Kattenhorn and Prockter, 2014), nor the mea-
sured heat flow of Enceladus (Spencer et al., 2006; Howett et al., 2011).
Several recent works have explored the possibility that tidal flexing is
weakening and/or heating near-surface ice, permitting convective plumes to
reach close to the surface, delivering high heat flows, and driving defor-
mation (Showman and Han, 2005; Roberts and Nimmo, 2008; Barr, 2008;
Han et al., 2012). This style of convection, known as the “sluggish lid”
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regime, is an intermediate regime of behavior between isoviscous and stag-
nant lid convection (Solomatov, 1995; Schubert et al., 2001). It is charac-
terized by vigorous convection beneath a thin lid of surface material that is
dragged along at modest velocities rates by the underlying convective flow
(Schubert et al., 2001). Prior work shows that sluggish lid convection in the
shells of Enceladus (Barr, 2008), Miranda (Hammond and Barr, 2014a), and
Ganymede (Hammond and Barr, 2014b) can result in heat fluxes up to ∼ 200
mW m−2 and ∼ mm/yr deformation rates, consistent with the conditions
of formation for ridge-and-trough terrain on these bodies.
Here, we use numerical simulations of ice shell convection to show that
similar rheological parameters can give rise to the heat flows and deformation
rates inferred for ridge-and-trough formation on four satellites. We determine
scaling relationships for the heat flow and strain rate in extensional regions
on the satellites and show that these quantities are only weakly dependent
on the thickness of the ice shell. The yield stresses required for sluggish lid
behavior are similar in magnitude to the daily tidal stresses on each satellite.
Tides may weaken the near-surface ice and/or provide lines of pre-existing
weakness that can be exploited by convective buoyancy stresses to make
swaths of extensional ridges and troughs.
2. Observations
2.1. Inferred Formation Conditions
Panels a and b of Figure 1 illustrate the likely interior structures for the
bodies in this study. All four satellites are thought to be fully differenti-
ated, with complete ice/rock separation and formation of a central rock core
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(Greenberg et al., 1991; Schubert et al., 2004, 2007). The subsurface oceans
of Europa and Enceladus are thought to be in direct contact with rock. If an
ocean existed on Miranda in the past, it would likely have been in direct con-
tact with the rock core. Ganymede’s ocean is sandwiched between layers of
ice I (the low-pressure phase which floats on liquid water), and high-pressure
ice polymorphs (Schubert et al., 2004).
There are several methods by which the effective heat flow during defor-
mation can be estimated from characterization of topography on the surface
of a planet. One common approach is to derive an estimate of the thickness
of the brittle/elastic layer at the surface of the satellite based on measure-
ments of the dominant spacing between ridges and troughs (λ, see Figure 1c).
The topography measurements can be performed on digital elevation mod-
els, or on images (where brightness is taken as a proxy for topography, e.g.,
Patel et al. 1999). At the base of the brittle layer, the behavior of the ice is
assumed to change from elastic to viscous, at some temperature, Tbdt. Using
assumptions about the rheology of ice and the strain rate, lithospheric defor-
mation models can yield estimates of the dominant wavelength of deforma-
tion and its relationship to the temperature and depth of the brittle/ductile
transition (e.g., Dombard and McKinnon 2001; Bland and Showman 2007;
Bland et al. 2010). The temperature and depth of the brittle/ductile tran-
sition can be used to estimate the thermal gradient and thus, the heat flow
(see Figure 1c).
A second common approach is to estimate the effective elastic thickness
of the ice shell by looking for flexural uplift near deformed terrains (e.g.,
Nimmo et al. 2002). The deformed terrain is assumed to represent a load
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emplaced on the lithosphere, which drives flexural warping. The wavelength
of the flexural deformation is proportional to the thickness of the elastic por-
tion of the lithosphere. An assumption of strain rate and ice rheology can
yield an estimate of the temperature at which the ice behavior transitions
from elastic to viscous. Similar to the method based on fault spacing de-
scribed above, the temperature at the base of the elastic layer and the elastic
layer thickness permit an estimate of heat flow.
Table 1 summarizes geological and geophysical constraints on deformation
wavelength, heat flux, and strain rate derived from photogeology of several
examples of extensional ridge-and-trough terrain. Here, we mostly use infor-
mation determined from measurements of fault spacing. The main sources
of error in both the fault spacing and flexural methods are the assumptions
about ice rheology and the strain rate. Although the rheology of the ice in
the upper few kilometers can be constrained by laboratory measurements
(Goldsby and Kohlstedt, 2001), constraints on strain rates are much looser.
Minimum and maximum strain rates are often estimated based on the ages
of the terrain (e.g., a feature estimated to be τ = 1 Gyr old could have
formed with a strain rate as low as ε˙ ∼ 1/τ ∼ 3× 10−17 s−1). Uncertainties
in thermal gradient are typically a factor of ∼ 2, and strain rates may be
constrained only to within several orders of magnitude. These uncertainties
are reflected in the values listed in Table 1.
2.2. Morphology
Roughly two thirds of the surface of Jupiter’s ice/rock moon Ganymede
(with radius R =2631 km and mean density ρ =1940 kg m−3), is covered with
bright, relatively young “grooved terrain,” swaths of sub-parallel ridges and
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troughs, often within a sharp bounding groove (see Pappalardo et al. 2004
for discussion). Groove lanes are ∼ 10 to 100 km wide (Collins et al., 2000)
and contain groups of sub-parallel ridges and troughs spaced by ∼ 1-2 km,
superimposed on broad pinches and swells ∼8 km apart (Patel et al., 1999).
The double wavelength structure of grooved terrain is most readily created
by extensional necking at strain rates ∼ 10−16 to 10−13 s−1 in an ice shell with
a very high thermal gradient, ∼ 5 to 30 K km−1 (Bland and Showman, 2007;
Bland et al., 2010). Flexural studies indicate heat flows at the time of defor-
mation between 80 to 200 mW m−2 (Nimmo et al., 2002). This heat flow is
far in excess of that implied by radiogenic heating (Dombard and McKinnon,
2001), suggesting that the terrain formed during Ganymede’s passage through
an orbital resonance, which may have also triggered global ice/rock separa-
tion and the formation of an ocean (Showman et al., 1997). Some groove
lanes, so-called “subdued grooves,” show signs of extensive strike-slip motion
and may be sites of emplacement of fresh material from beneath (Head et al.,
2002).
Features called “bands” on Jupiter’s moon Europa (R =1569 km; ρ =3040
kg m−3) share morphological similarities with the subdued grooves on Ganymede
(Head et al., 2002) and with terrestrial mid-ocean ridges (Prockter et al.,
2002). Bands are lanes of sub-parallel ridges and troughs roughly 6 to
25 km wide, characterized by a central trough, a hummocky zone, and
sets of imbricate fault blocks (Prockter et al., 2002) with ∼0.5 km spacing
(Stempel et al., 2005). Similar to subdued grooves on Ganymede, bands ap-
pear to be sites of complete lithospheric separation and emplacement of fresh
material from below (Schenk and McKinnon, 1989; Pappalardo and Sullivan,
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1996; Sullivan et al., 1998). Stempel et al. (2005) applied a simple model of
mid ocean ridge spreading to show that the characteristic fault block spacing
in bands can form in an ice shell deforming with strain rates ∼ 10−15 to 10−12
s−1 with a brittle/ductile transition temperature at Tbdt ∼ 150 to 190 K, at a
depth of 2 to ∼ 10 km. For a nominal thermal conductivity k = 3.52 W m−1
K−1 (see Table 2), this corresponds to a heat flow of 15 to 150 mW m−2.
The surface of Uranus’s icy moon Miranda (R = 236 km; ρ = 1200 kg
m−3) is dominated by three zones of intense deformation, dubbed “coronae.”
Coronae are 200−300 km in diameter, polygonal to ovoidal in shape and have
concentric outer belts of sub-parallel linea (Smith et al., 1986). The outer
belts surrounding each corona have distinct morphologies. Arden corona
has concentric ridges and troughs with ≈ 5 km spacing and 2 km of re-
lief. Inverness corona has ridges and troughs whose spacing increases with
distance from the corona center (Pappalardo et al., 1997). Elsinore corona
has relatively widely spaced ridges and troughs with subdued topography
(Schenk, 1991). The outer belts are interpreted as normal faults and cryo-
volcanic materials (Greenberg et al., 1991; Schenk, 1991; Pappalardo et al.,
1997) and each corona is consistent with formation under concentric tensional
stresses that radiate from the feature’s center (Collins et al., 2010). Topog-
raphy along the flanks of Arden corona suggest the surface may be supported
by flexure and that the elastic thickness during corona formation was likely
≈ 2 km, suggesting a thermal gradient of 8− 20 K km−1 (Pappalardo et al.,
1997). With a thermal conductivity of 4.2 W m−1 K−1, this implies a heat
flow of 34 to 84 mW m−2. Such a large thermal gradient could be gener-
ated by energy dissipation in Miranda’s interior during an orbital resonance
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with neighboring satellite Umbriel (Tittemore and Wisdom, 1989). Convec-
tion driven by tidal heating during resonance can match the distribution of
surface deformation and the thermal gradient implied by flexure.
Saturn’s small moon Enceladus has two types of ridge-and-trough ter-
rain. Its south polar terrain, a ∼ 70, 000 km2 quasi-circular region, is a site
of intense tectonic deformation and high regional heat flow, with a power
output measured by the Cassini CIRS instrument at 3-7 GW (Spencer et al.,
2006). Much of the thermal emission is being emitted from four sub-parallel
linear features dubbed “tiger stripes,” which are also sites of eruptions of
water ice particles with small amounts of silicate and salt (e.g., Porco et al.
2006; Waite et al. 2006; Postberg et al. 2009). Regions in between the tiger
stripes are characterized by sub-parallel folds with a spacing of 1.1 ± 0.4 km
and a funiscular texture, reminiscent of ropy pahoehoe (Barr and Preuss,
2010). A simple folding model shows that strain rates 10−14 to 10−12 s−1
can recreate the observed fold spacing (Barr and Preuss, 2010). Away from
the south polar terrain, Enceladus has several large systems of extensional
ridge-and-trough terrain with a dominant spacing between faults ∼ 3-4 km
(Bland et al., 2007). Creating such short-wavelength features requires an
effective elastic thickness of only 0.4 to 1.4 km, implying a local heat flow
F ∼ 110 to 220 mW m−2 at the time of deformation (Bland et al., 2007),
similar to the heat flow currently estimated for the south polar terrain.
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3. Methods
3.1. Model
We simulate convection using the finite element model CITCOM (Moresi and Solomatov,
1995). The vigor of convection is expressed by the Rayleigh number,
Ra1 =
ρgα∆TD3
κη1
, (1)
where ρ is the density of ice, g is the acceleration of gravity, α = 1.56 ×
10−4(Tb/250 K) K
−1 (Kirk and Stevenson, 1987) is the coefficient of thermal
expansion, ∆T is the difference in temperature between the surface (Ts) and
basal (Tb) ice, D is the thickness of the ice shell, κ = 1.47× 10
−6(250 K/Tb)
2
m s−2 is the thermal diffusivity (Kirk and Stevenson, 1987), and η1 is the
viscosity of ice evaluated at T = Tb. Table 2 summarizes values of these
parameters used for each satellite in the study. We vary the ice shell thickness
between ∼ 10 and 100 km, consistent with estimates for each of the satellites.
We use a temperature dependent Newtonian rheology for ice (cf., Solomatov
1995),
η(T ) = η0 exp(−γT ) (2)
where γ = θ/∆T and θ = ln(∆η), where ∆η = η0/η1 is the ratio between
the viscosity at the surface of the ice shell and its base. We also use the
surface Rayleigh number, Ra0 = Ra1/∆η, to relate the convective heat flow
and deformation rates to the thermal and physical properties of the ice shell.
3.2. Rheology
Deformation in solid ice is thought to be accommodated by three distinct
microphysical mechanisms, diffusion creep at low stresses and in ice with
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a small grain size (Frost and Ashby, 1982; Goldsby and Kohlstedt, 2001),
grain-size-sensitive creep, which may occur due to basal slip and grain bound-
ary sliding at intermediate conditions, and dislocation creep at high stresses
and in ice with a large grain size (Goldsby and Kohlstedt, 2001). At con-
ditions appropriate for the ice shells of satellites in this study, convective
stresses are small enough to be accommodated by diffusion creep (Barr and Pappalardo,
2005; Barr and McKinnon, 2007a), especially if the ice grain size is kept
small by the presence of silicate microparticles intimately mixed in the ice
(Barr and McKinnon, 2007a,b). We use a nominal value of η1 = 3× 10
14 Pa
s, in the middle of the range commonly assumed in icy satellite convection
studies (e.g., Showman and Han 2005; O’Neill and Nimmo 2010), and close
to the melting point viscosity of ice deforming due to volume diffusion for a
grain size d = 0.1 mm, close to the lower limit of what could be expected in
the satellites’ ice shells and mantles (Barr and McKinnon, 2007a,b).If the ice
grain size is substantially larger (d ∼ 1 mm), and deformation is accommo-
dated by non-Newtonian grain size sensitive creep (stress exponent n ∼ 2) or
dislocation creep (n = 4), the shells of small moons like Enceladus and Mi-
randa are unlikely to convect, due to their low gravity (Barr and McKinnon,
2007a). Non-Newtonian convection is marginally possible in the thickest ice
shells of Europa and Ganymede (Barr and Pappalardo, 2005), but only if
the grain size of ice is limited to d . 1 mm. Here, we explore the relation-
ship between convection and resurfacing in a purely Newtonian system; more
complex behaviors will be explored in a future study.
It has long been assumed that ice shell convection could not generate
enough stress to overcome the laboratory-derived yield stress of water ice (see
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e.g., Squyres and Croft 1986; Showman and Han 2005; Barr and Showman
2009 for discussion), and thus, could not drive resurfacing. Convection in
the satellites’ ice shells was thought to occur in the stagnant lid regime of
convective behavior, requiring extra effects such as compositional buoyancy
to drive resurfacing (e.g., Pappalardo and Barr 2004). On terrestrial planets,
a promising approach has been to limit the viscosity of the surface material
due to the effect of a yield stress (e.g., Kohlstedt et al. 1995; Tackley 2000;
Bercovici 2003; Solomatov 2004).
The effect of a finite yield stress in rock and ice is commonly modeled
in purely viscous convection models such as CITCOM by setting max(η) ≈
σY /ε˙II , where σY is the yield stress of the convecting material (described
by Byerlee’s law; Beeman et al. 1988), and ε˙II is the second invariant of the
strain rate tensor (e.g., Trompert and Hansen 1998; Moresi and Solomatov
1998; Showman and Han 2005; O’Neill and Nimmo 2010). Here, we use a
simpler approach, where we simply limit the viscosity of ice to a constant
value, between 102 to 105 times larger than the basal viscosity (Barr, 2008;
Hammond and Barr, 2014b,a). In a Newtonian fluid, sluggish lid behavior
occurs for ∆η . 104 to 105 (Solomatov, 1995). We favor a simpler approach
because it limits the number of free parameters in our calculations, allowing
us to focus on the relationship between the behavior of the near-surface ice
and its rheology.
3.3. Simulations
Figure 2 illustrates the values of Ra1 and ∆η explored in our study. Our
simulations are performed in an 8×1 two-dimensional Cartesian domain with
1024×128 elements, with periodic boundary conditions (Hammond and Barr,
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2014b). The surface and base of the ice shell are held at constant tem-
peratures Ts and Tb, implying that the ice shell is heated purely from its
base. Although we imagine that ridge-and-trough terrain is formed in ice
shells undergoing active tidal flexing and heating, the details of how the
mechanical energy of tidal flexing is converted to heat in the satellites’ in-
teriors are not well understood. One possibility is that tidal deformation is
converted to energy via Maxwell viscoelastic dissipation, and could be con-
centrated in the warmest ice (Sotin et al., 2002; Showman and Han, 2005;
Mitri and Showman, 2008). Another possibility is that cyclical tidal defor-
mation along shallow ice faults could dissipate energy, thus concentrating
tidal heating in the coldest ice (Nimmo and Gaidos, 2002). Exploring other
distributions of tidal heat is a promising direction of future study.
3.4. Outputs
Simulations are run until the dimensionless heat flow, or Nusselt number
(Nu) has reached a statistical steady state, so that
Nurms =
∫ t
0
(Nu(t))dt∫ t
0
dt
(3)
has converged to the 10−5 level (Solomatov and Moresi, 2000). We measure
the strain rate, ε˙x = dvx,sf/dx , where vx,sf is the x−velocity at the surface.
The surface experiences extension where ε˙x > 0. In these regions, we record
the average heat flow, Nuext, and the strain rate, ε˙ext. Successful simulations
are those in which both of these quantities match the values in Table 1.
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4. Results
4.1. Heat Flow
The heat flow across the convecting ice shell is related to the Nusselt
number,
F =
k∆T
D
Nu, (4)
where k = 651/T W m−1 K−1 is the temperature-dependent thermal con-
ductivity of ice (Petrenko and Whitworth, 1999), which we evaluate at T =
Ts +
1
2
∆T (see Table 2). In general, Nu ∝ Rab, where the value of b is con-
strained by numerical simulations, where Ra can be Ra1 or Ra0, depending
on what is more convenient for the problem at hand.
4.1.1. Prior Work
Many prior works have sought to constrain the value of b in Cartesian and
3-dimensional spherical domains, for both constant- and variable-viscosity
convection (e.g., Bercovici et al. 1989; Solomatov 1995; Sotin and Labrosse
1999; Deschamps and Sotin 2000; Solomatov and Moresi 2000; Wolstencroft et al.
2009; Deschamps et al. 2010). For isoviscous convection in a spherical shell,
Wolstencroft et al. (2009) find Nu ∝ Ra0.294 for basally heated shells, and
Nu ∝ Ra0.337 for internal heating, where differences in the power law index
b are attributed to differences in convective planform. For similar condi-
tions, Deschamps et al. (2010) find Nu ∝ Ra0.273+0.05f , where f is a non-
dimensional ratio between the core radius and the planetary radius. In two-
and three-dimensional Cartesian domains, with both internal and basal heat-
ing, b = 1/3 (Sotin and Labrosse, 1999; Solomatov and Moresi, 2000). Early
studies, including the first groundbreaking efforts to estimate b in spherical
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shells or with strongly temperature-dependent viscosity, found b ∼ 0.25 to
0.28 (Bercovici et al., 1989; Solomatov, 1995; Deschamps and Sotin, 2000).
However, these works had a tendency to underestimate b owing to com-
putational difficulties (e.g., limited resolution and domain geometry). For
example, Bercovici et al. (1989) characterize b for a single harmonic mode.
The first studies to estimate b in 1×1 Cartesian boxes (e.g., Solomatov
1995; Deschamps and Sotin 2000) used relatively low numerical resolution
and tended to underestimate Nu in vigorously convecting systems, leading
to artificially low values of b.
Because sluggish lid convection can be viewed as a transitional regime be-
tween isoviscous and stagnant lid convection, Olson and Corcos (1980) pro-
pose b = 1/3. Barr (2008) used numerical simulations in Cartesian geometry,
in a 1×1 box with free-slip boundary conditions, to characterize the Ra−Nu
relationship for the sluggish lid regime. Barr (2008) proposed a scaling of
form (cf. Moresi and Solomatov 1998),
Nu = aRab0 exp(θ/c), (5)
where Ra0 is the Rayleigh number evaluated using η = η(Ts), which can
be calculated from the basal Rayleigh number, Ra0 = Ra1/∆η. Assuming
b ≡ 1/3, Barr (2008) found a = 0.32 and c = 19.
4.1.2. Nusselt Number
Here, we improve upon the results of Barr (2008) by simulating convec-
tion in a wider box, for a wider range of parameters, and at higher resolution.
To determine the relationship among Ra0, Nu, and θ, we allow a, b, and c
to be free parameters, and estimate their values based on a best fit to data
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from our simulations. The left panel of Figure 3 shows how the values of Nu
obtained in our simulations vary as a function of Ra0. We find that b remains
constant over several orders of magnitude in Rayleigh number. We note that
we slightly underestimate Nu at high Ra, which is likely due to our resolu-
tion. The Ra −Nu relationship close to the critical Rayleigh number has a
different dependence, likely b ≈ 1/2, which would be expected for extremely
low-amplitude convection (Solomatov and Barr, 2007). A multivariate least
squares fit on all of the Nu values in our data set gives a = 0.23 ± 0.03,
b = 0.32± 0.007, and c = 9.8± 0.12. The right panel of Figure 3 shows how
equation (5) compares to the data.
4.1.3. Heat Flow in Extensional Zones
To determine whether sluggish lid convection can create extensional ridge-
and-trough terrain, we also need to determine the relationship between phys-
ical properties of the ice shell and the heat flow in extensional regions, Nuext.
Figure 4 summarizes the values of Nuext obtained in our study, and their re-
lationship with Ra0. One might expect that the relationship between this
quantity and the Rayleigh number might be similar to equation (5). Indeed,
a fit to our numerical results, allowing a, b, and c to be free parameters, shows
that Nuext can be described by,
Nuext = (0.48± 0.09)Ra
0.31±0.009 exp
( θ
14.21± 2.7
)
, (6)
which is extremely similar to the scaling for Nu, with roughly a factor of ∼ 2
difference between the two.
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4.1.4. Implications for Resurfacing
Figure 5 illustrates the range of ∆η values for which Fext matches geo-
logical constraints for the formation of Europa’s bands, Miranda’s coronae,
Enceladus’ South Polar Terrain, the fold belts in the northern plains of Ence-
ladus, and Ganymede’s grooved terrain. For η1 = 3× 10
14 Pa s, we find that
ice shells with 102.5 < ∆η < 104.25 can create heat flows high enough to cre-
ate each of these features. Ice shells with 103.25 < ∆η < 103.5 are consistent
with the creation of all five sets of features we consider. This range of ∆η is
also consistent with the heat flow and morphology of convective upwellings
required to create the global tetrahedral distribution of Miranda’s coronae
(Hammond and Barr, 2014a). The range of η1 commonly used in icy satel-
lite convection studies is η1 ∼ 10
13 Pa s to 1015 Pa s. If η1 = 10
13 Pa s,
deformation rates and heat flows are higher than those observed on the icy
satellites. However, η1 = 10
13 corresponds to an ice grain size d ∼ 1 micron,
not physically plausible in a natural system (Barr and McKinnon, 2007b).
Larger values of η1 (see right panel of Figure 5) provide a broader range of
∆η in which the conditions of ridge-and-trough terrain formation can occur.
Because b ≈ 1/3, we do not expect the heat flow in extensional zones
to depend strongly on the thickness of the ice shell, D. However, simula-
tions of isoviscous convection in a spherical shell show that b may be slightly
larger or smaller than 1/3 (e.g., Wolstencroft et al. 2009), giving rise to a
heat flow that would be very weakly dependent on the thickness of the ice
shell (i.e., D0.01). Given the very weak dependence on D, and uncertainties
in other properties of the system (chiefly, η1), it is not possible to obtain a
robust estimate of ice shell thickness based on the heat flow in extensional
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zones. However, on a small satellite such as Miranda, where curvature af-
fects the pattern of upwellings and downwellings (Deschamps et al., 2010;
Hammond and Barr, 2014a), it is possible to get loose constraints on D by
comparing the global pattern of ridge-and-trough terrain zones with the con-
vection pattern in a three-dimensional spherical shell (Hammond and Barr,
2014a).
4.2. Deformation Rates
4.2.1. Prior Work
Similar to the Nusselt number, r.m.s. convective velocities depend on the
Rayleigh number and θ, and are thought to follow a scaling relationship of
form, (cf. Solomatov and Moresi 2000) u = auθ
−αuRaβui , where αu = βu, and
the values of the fitting coefficients are constrained by results from numerical
simulations. Boundary layer theory applied to basally heated convection
suggests βu = 2/3 for Newtonian convection (see e.g., Turcotte and Schubert
1982; Solomatov 1995 for discussion). However, an alternative scaling derived
from equating viscous dissipation in the rheological sublayer with work per
unit time done by buoyancy forces gives βu = 0.5 (Solomatov and Moresi,
2000). Isoviscous convection simulations in a three-dimensional spherical
shell indicate βu = 0.538 for basal heating and βu = 0.5 for internal heating
(Wolstencroft et al., 2009).
To determine whether convective strain rates are likely to form exten-
sional ridge-and-trough terrain on icy satellites, we are primarily interested
in a different quantity: the maximum strain rate in extensional zones at
the surface, which is related to the maximum convective velocity at the sur-
face, max(|vx,sf |). Our prior work finds that max(|vx,sf |) ≈ avRa
bv
0 (κ/D),
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where av = 0.08 and bv = 0.8 (Barr, 2008), with no statistically significant
dependence on θ.
4.2.2. Maximum Deformation Rate
Here, we expand on our prior study to constrain the maximum strain
rate occurring on the surface of the convecting layer, ε˙ext, which we expect
to follow a relationship similar to that for max(|vx,sf |),
ε˙ext = aeRa
be
0
κ
D
. (7)
Fits to our data give ae = 0.42±0.12 and be = 0.71±0.03. A three-parameter
fit including dependence on θ yields similar values for ae and be, but with an
additional term θ0.05±0.05. Because the error bars encompass a zero value for
the power on θ, we cannot state that ε˙ext depends on θ with a reasonable
degree of statistical confidence. Figure 6 illustrates the values of ε˙ext obtained
in our study, and a comparison between these values and the two-parameter
fit given in equation (7). For the same reasons we have errors in Nu at low
and high Ra0, we find some evidence of systematic error in ε˙ext.
4.2.3. Implications for Deformation
Figure 7 illustrates how the strain rates in extensional zones predicted
by equation (7) vary as a function of ∆η and the thickness of the ice shells
on Europa, Ganymede, and Enceladus. Strain rates associated with the
formation of Europa’s bands are readily obtained for a wide range of ∆η. The
low strain rates associated with grooved terrain formation imply ∆η & 103.25.
Strain rates predicted for the Enceladus SPT can be created only in very
weak shells with ∆η < 103.75, but strain rates associated with the formation
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of ridges and troughs in the northern plains are created for a wide range of
∆η.
Although the relationship between Ra and Nu has been relatively well
constrained, the relationship between convective velocities and Ra is less cer-
tain (see e.g., Solomatov and Moresi 2000 for discussion). With the scaling
proposed in equation (7), ε˙ext ∝ D
3be−2, which gives, for our value of be,
ε˙ext ∝ D
0.13. If be = 0.5 (Solomatov and Moresi, 2000), ε˙ext ∝ D
−0.5, which
could allow a rough estimate of the ice shell thickness based on extensional
strain rates. More simulations, in more complex geometries, with higher
numerical resolution, and for a broader range of ∆η values, could provide
a better estimate of be and might allow a constraint on ice shell thickness
based on estimated deformation rates in extensional zones.
5. Discussion
Extensional ridge-and-trough terrain is a common landform on tidally
flexed icy satellites. Examples include the grooved terrain on Ganymede,
bands on Europa, Miranda’s coronae, and ridges and troughs in the northern
plains of Enceladus. On each of these satellites, the spacing between ridges
and troughs is of order a kilometer, up to ten kilometers. Each of these
terrains is inferred to form in an ice shell with a high thermal gradient, and
thus, heat flow. Strain rates between about 10−16 and 10−12 s−1 (see Table
1) are consistent with the spacing between ridges and troughs observed.
Our numerical simulations of convection in an ice shell with a weak surface
show that the heat flow and strain rate associated with ridge-and-trough
terrain can be created by sluggish lid convection. This conclusion holds on
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each satellite regardless of the thickness of the ice shell because the heat
flow and strain rate are only very weakly dependent on D. However, if
the satellite’s ice shell occupies a significant fraction of its radius (possibly
the case for Miranda), curvature will affect the global convection pattern of
upwellings and downwellings, and the global distribution of resurfaced areas
could shed light on the shell thickness (Hammond and Barr, 2014a).
For reasonable melting point viscosities for ice, we find that a single set
of rheological parameters can give rise to conditions appropriate for the for-
mation of all of the terrains. By limiting the value of ∆η to less than 104 to
105, we are mimicking the effect of weak near-surface ice. A crude estimate
of the ice strength in our model, σy ∼ η0ε˙ext, implies that the near-surface
ice must have a yield strength ∼ 1 to 300 kPa for sluggish lid behavior. This
yield stress is many orders of magnitude lower than that inferred for the yield
stress of ice based on terrestrial field studies (Kehle, 1964) and laboratory
experiments (Beeman et al., 1988). However, the formation of the cycloidal
cracks on Europa (Hurford et al., 2007b), the timing and duration of plume
eruptions on Enceladus (Hurford et al., 2007a), and the putative eruptions
on Europa (Roth et al., 2014), suggest that the modest daily tidal stresses
exerted on these bodies are capable of cracking near-surface ice. These tidal
stresses are of similar magnitude to σy (Hurford et al., 2007b,a; Wahr et al.,
2009).
This suggests that the stresses from tides and the stresses from solid-state
convection are both required to create ridge-and-trough terrain. The cycli-
cal tidal flexing of the ice shells has been suggested to produce a significant
amount of heat in the shells via tidal dissipation (e.g., Ojakangas and Stevenson
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1989). However, we suggest that the cyclical flexing is also modifying the
structure of the near-surface ice, at the macro- and possibly micro-scale.
At macro-scales, pre-existing lines of weakness driven by tidal forces may
provide weak locations in the ice shell where thermal buoyancy stresses
from underlying convection can pull the surface apart. This may explain
why only tidally flexed icy satellites have global occurrences of extensional
ridge-and-trough terrain, whereas satellites of similar size and composition
that have not experienced tidal flexing have little endogenic activity. Clas-
sic examples of this apparent paradox include Ganymede (tidally flexed)
and Callisto (no tidal flexing and no endogenic resurfacing); and Ence-
ladus (tidally flexed) and Mimas (no tidal flexing and no endogenic resurfac-
ing). If convection can only drive deformation along lines of weakness, this
might explain, for example, the global degree-2 pattern of grooved terrain
on Ganymede (Patterson et al., 2010). Convection may also create ridge-
and-trough terrain by pulling apart pre-existing tidal cracks in the satellites’
ice shells. On Europa, reconstruction of pre-existing features across bands
suggests that these features represent locations of the emplacement of new
material (Pappalardo and Sullivan, 1996; Sullivan et al., 1998). When the
regions of fresh material are removed, the remaining landform resembles
a simple ubiquitous europan crack in the ice shell (see, e.g., Figure 2 of
Pappalardo and Sullivan 1996).
At micro-scales, the cyclical working of the ice shell at low temperatures
(where kinetic processes such as grain growth and annealing are slow com-
pared to the timescale of tidal flexing), may introduce cracks and defects in
the ice that severely weakens its structure, decreasing its yield stress. Similar
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processes, along with the presence of pore fluids, may be responsible for de-
creasing the yield stress of the crust on the Earth, permitting plate tectonics
(see, e.g., Kohlstedt et al. 1995 for discussion). Another possibility is that
tidal flexing may introduce heat in the near-surface ice, providing thermal
softening (Roberts and Nimmo, 2008) which allows for intense deformation
driven by convection. In either case, laboratory experiments are needed to
clarify the response of ice to cyclical flexing at frequencies and temperature
conditions appropriate for the ice mantles of the outer planet satellites.
Here, we have focused on the role of convection in driving, principally,
extensional deformation on the icy satellites. Definitive morphological evi-
dence for compression on icy satellites is rare (e.g., Prockter and Pappalardo
2000). However, recent work by Bland and McKinnon (2012) suggests that
low-amplitude compressional folds can form at strain rates and thermal gra-
dients similar to conditions arising in the compressional zones in our simula-
tions (Hammond and Barr, 2014b). Thus, it may be possible that the seem-
ingly ubiquitous extension on icy satellites may be accommodated by folds
that are difficult to detect in existing images. Further images from space-
craft, e.g., the forthcoming NASA Europa and ESA Ganymede missions,
could shed light on the relationship between extension and compression on
icy bodies.
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Satellite Feature λ (km) w (km) F (mW m−2) ε˙ (s−1)
Enceladus South Polar Terraina 1.1 ±0.4 – 55–110 10−14 – 10−12
Europa Bandsb,c 0.5 6–25 15–150 10−15 – 10−12
Enceladus Northern Plainsd 3–4 30–50 30–150 10−15 – 10−12
Ganymede Grooved Terraine,f,g,h 2; 8 10–100 100–200 10−16 – 10−13
Miranda Coronaei 5–10 – 34 – 84 –
Table 1: Wavelength of deformation (λ), width of deformed zones (w), inferred heat flow
(F ), and strain rates (ε˙) estimates for ridge-and-trough terrains on various icy satellites.
aBarr and Preuss (2010), bProckter et al. (2002), cStempel et al. (2005), dBland et al.
(2007), eNimmo et al. (2002), fPatel et al. (1999), gDombard and McKinnon (2001),
hBland and Showman (2007), iPappalardo et al. (1997).
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Parameter Symbol Europa Ganymede Enceladus Miranda
Surface Temperature Ts (K) 110 130 80 60
Basal Temperature Tb (K) 260 260 273 250
Ice Shell Density ρ (kg m−3) 920 920 920 920
Gravity g (m s−2) 1.3 1.42 0.11 0.079
Ice Thermal Expansion α (K−1) 1.62× 10−4 1.62× 10−4 1.70× 10−4 1.56× 10−4
Thermal Diffusivity κ (m s−2) 1.36× 10−6 1.36× 10−6 1.23× 10−6 1.47× 10−6
Basal Viscosity η (Pa s) 3× 1014 3× 1014 3× 1014 3× 1014
Thermal Conductivity k (W m−1 K−1) 3.52 3.34 3.69 4.2
Table 2: Thermal and physical properties of satellite ice shells.
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Figure 1: (a) Schematic (not to scale) of the possible interior structures of Europa, Ence-
ladus, and Miranda. The satellite has differentiated to form a rocky core, a liquid ocean,
and ice I shell. (b) Schematic representation of Ganymede’s interior at the time of grooved
terrain formation. A liquid ocean lies between a layer of ice I and a mantle of high-pressure
ice polymorphs. (c) Schematic (not to scale) illustrating the relationship between defor-
mation and ice I shell convection. Ridge-and-trough terrain with wavelength λ forms in
a zone of width w, in a near-surface layer due to extensional strain (at strain rate ε˙ext).
The characteristic heat flow (Fext) is estimated based on the thickness of the deformed
layer, and the difference between the surface temperature Ts and an assumed brittle-
ductile-transition temperature (Tbdt). Vertical arrows indicate upward/downward convec-
tive motion. Viscosity at the base of the ice shell is η1, corresponding to a temperature
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Figure 2: Locations of our simulations in Ra-∆η space. Lines show the boundaries between
the constant-viscosity convection regime (I), transitional (or sluggish lid) regime (II), the
stagnant lid regime (III), and no convection. The boundary between the sluggish and
stagnant lid regimes (dashed line) is thought to lie near ∆η ∼ 4(n + 1) ∼ 3000 for a
Newtonian fluid (n = 1), but its exact location is not precisely defined (Solomatov, 1995).
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Figure 3: (left) Dimensionless heat flow, Nu, from our simulations as a function of surface
Rayleigh number, Ra0. (right) Comparison between the values of Nu from our simulations
(“data”) with the scaling relationship (equation 5; “model”).
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Figure 4: (left) Dimensionless heat flow in extensional zones, Nuext, from our simulations
as a function of surface Rayleigh number, Ra0. (right) Comparison between the values of
Nuext from our simulations with the scaling relationship (equation 6).
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Figure 5: (left) Heat flow in regions of extension Fext, for η1 = 3 × 10
14 Pa s, as a
function of ∆η for Europa (black), Ganymede (gray), Enceladus (blue/red), and Miranda
(green). Dotted lines indicate values of ∆η where heat flows are outside the range inferred
from geological characterization. Solid lines indicate values of ∆η where heat flows are
consistent with the formation of each of the class of surface features we consider: Europa’s
bands, Ganymede’s grooved terrain, Miranda’s coronae; and the south polar terrain and
fold systems in the northern plains of Enceladus. (right) Same as (left), but for η1 = 10
15
Pa s.
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Figure 6: (left) Dimensionless values of strain rate in extensional zones, ε˙ext from our
simulations as a function of surface Rayleigh number, Ra0. (right) Comparison between
the values of ε˙ext from our simulations (“data”) with the scaling relationship (equation 7;
“model”).
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Figure 7: Strain rate in extensional regions (ε˙ext) as a function of viscosity contrast (∆η)
for Europa (left), Ganymede (middle), and Enceladus (right). Strain rates depend weakly
on ice shell thickness (D) and are reported for a range of values: D = 10 km (dotted),
D = 30 km (light gray), D = 50 km (dark gray), and D = 100 km (black). Across all ∆η
values in our study, strain rates in extensional regions match those for Europa’s bands.
Strain rates associated with grooved terrain formation are achieved for ∆η & 103.25. On
Enceladus, strain rates in the south polar terrain imply ∆η < 103.75 at that location, but
the north polar extensional features may form for any ∆η in our study.
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